Abstract. A new model of gravitational lens high-resolution gravitational lens based on the metric of gravitational eld produced by N moving and rotating nite-sized bodies is proposed. The model is applied to the case of a double galaxy gravitational lens. It is pointed out that previous searches for gravitational lensing in double systems focused on eclipsing binaries and were based on the analysis of their photometric variability. Unlike other authors, we determined the extra terms to be added to the refraction angle to account for the motion and rotation of the bodies. We show that the allowance for the motion of galaxies decreases the shifts of the images of the lensed object and that this eect is detectable in the current state of astronomical observations.
INTRODUCTION
Theoretical models of gravitational lenses often treat them as single objects (see, e.g., recent articles by Hoekstra (2014) and Sahu et al. (2014) ). Gravitational lensing technique applied to single lenses produced results of great astrophysical importance (Mao 2012) , such as proof of the nonbaryonic nature of dark matter, discovery of exoplanets, measurement of stellar masses, discovery of single black hole candidates.
However, while traveling in space, light rays pass in the vicinity of not just one, but several gravitating masses. This should give rise to multicomponent gravitational lensing, and the search for such phenomena is a separate branch in modern gravitational optics. Hwang et al. (2010) report the results of an analysis of the light curve of the microlensing event MOA-2009-BLG-016 . This light curve is characterized by a short-duration anomaly near the peak and an overall asymmetry. The above authors argue that the peak anomaly can be explained by the parallax eect caused by the acceleration of the observer. In addition, they detected evidence for the eect of the nite size of the source that shows up near the peak, which allowed them to measure the angular Einstein radius of the lens system. Chartas et al. (2009) devoted their study to the determination of the structure of an accretion disk through energy dependent X-ray microlensing. In their analysis the authors took into account the fact that a galaxy consists of many stars, and investigated quasar microlensing by stars of the intervening galaxy. Chartas et al. (2012) searched for the eect of gravitational lensing by clusters of galaxies. They have shown, in particular, that lensing by clusters occurs in two modes that are of interest for astrophysics. Strong lensing is characterized by manifestations easily seen by eye, namely, giant arcs, multiple images, and arclets.
Weak lensing is characterized by small deformations of the shapes of background galaxies, which are detectable only statistically. Bogdanov & Cherepashchuk (2008) studied small-scale spheroidal clusters of weakly interacting massive particles in our Galaxy as non-compact gravitational microlenses and predicted the appearance of caustics in the plane of the lensed source.
Other articles dealing with multicomponent gravitational lenses include the papers by Kneib & Natarajan (2011 ), Treu et al. (2012 and Zhang & Jin (2000) .
It is important to point out that most of the previous searches (not limited to those cited above) for gravitational lensing in double gravitational systems targeted eclipsing binaries, and the method chosen was the analysis of ux variations (see, e.g., Jaroszynski et al. 2004; Wyrzykowski et al. 2011; Kohlinger & Schmidt 2014) .
Furthermore, multicomponent gravitational lenses were usually modeled by point-like objects without taking into account their actual sizes, mass distribution, and other properties (spin and charge). Only recently the researchers began to consider more realistic gravitational-lens models.
Thus Sharon et al. (2014) reconstructed the mass distribution in the core of SDSS J1531+3414, a strong-lensing cluster at z = 0.335. They have found that the mass distribution can be described quite well by two cluster-scale halos with a contribution from cluster-member galaxies. New HST observations of SDSS J1531+3414 reveal a signature of ongoing star formation associated with the two central galaxies at the core of the cluster, in the form of a chain of star forming regions at the center of the cluster. Gould (2009) reconstructed the mass model of the gravitational lens revealing several mass components and a highly elliptic shape of the mass distribution.
Furthermore, the projected mass inside a radius, for example, of R ≈ 200 kpc of the cluster for a source at redshift z = 1.75 obtained with PixeLens exceeds the galactic estimate within the same radius by about 13 percent.
We limit our review to the above cited references and in the following sections we present a model of high-resolution gravitational lens that accounts for the sizes, orbital movement, and axis rotation of N gravitating bodies. In fact, Section 2 describes the formalism of gravitational optics, adopted for the case of high-resolution multicomponent gravitational lens. In Section 3 we consider the model of two massive rotating bodies and derive formula which can be used for astronomical applications, such as to reconstruct the internal structure of a galaxy cluster gravitational lens. The case of the close pair of galaxies, NGC 4567 and NGC 4568, is considered to exemplify some applications of the model. In Section 4 the abberation equation for high-resolution double gravitational lens is provided.
Conclusive remarks on the model are given in Section 5.
HIGH-RESOLUTION GRAVITATIONAL LENS
We now write the metric of external gravitational eld produced by N spherically symmetric rotating bodies in harmonic coordinates (Brumberg 1972) :
(1)
Here m a and m b are the masses of bodies a and b, respectively, ⃗ a and ⃗ b are their radius-vectors, I a is the moment of inertia of body a, and ω a and⃗ a are the angular and linear velocities of body a.
We then equate the left-hand side of the above equation to zero, divide it by dl 2 , and introduce the refractive index n = c ν to obtain the following quadratic equation for n:
This quadratic equation has two roots, but only one of them has physical meaning.
Its explicit form is
As is evident from equation (4), the refractive index depends on the masses and linear and angular velocities of the bodies. The main contributor is the rst term, which depends on the masses of the bodies. Velocity-dependent terms are few orders of magnitude smaller than the rst term. However, there are reasons to believe that the progress of the observational accuracy in gravitational optics will eventually make it possible to independently estimate the velocities of the components of the lensing galaxy.
In fact, the accuracy of angular measurements in gravitational microlensing is about 10 −3 to 10 −5 arcsec. Hence, such measurements allow the velocities of the components of lensing galaxies to be estimated.
Based on (4), it is possible to calculate the corresponding deection angle by the following formula:
It is the natural generalization of standard formula from the gravitational optics (Drude 1935) . We now substitute formula (4) into formula (5) to obtain
HIGH-RESOLUTION DOUBLE GRAVITATIONAL LENS
We now use the results of the previous section to consider the model problem of two massive rotating bodies. In this case the formula for the refractive index simplies to
The corresponding formula for the deection angle also simplies accordingly:
We pointed out above that the main contribution to gravitational microlensing is provided by the terms that depend on the masses of the bodies. Instead, we focus here on the terms in the formula for refractive index that depend on the velocities of the bodies. We keep in formula (8) only the terms of greatest interest for us to derive the following formula for the refraction angle:
Below we analyze each term in formula (9) separately. The rst term has the form The following derivation resembles the basic results of the two-body problem (Landau & Lifshitz 1988) . The Lagrange function for this system is
Now we introduce the mutual distance between the two points, ⃗ R = ⃗ r 1 − ⃗ r 2 , and put the coordinate origin at the center of inertia. This leads to the condition m 1 ⃗ r 1 + m 2 ⃗ r 2 = 0, from which we get
Then we expand formula (10) term by term and substitute formula (12) into these terms to obtain
Now we pass to relative coordinates. Below we compute the trajectory of light rays. Here ⃗ r is the current distance in absolute coordinates, ⃗ r 1 and ⃗ r 2 are the corresponding coordinates of the two bodies, and ⃗ ρ is the current coordinate of the trajectory of light rays in relative coordinates.
Thus, passing to relative coordinates requires the following transformation:
Hence the deection angle (13) takes on the form
In concordance with the general formulation of the two-body problem we set ⃗ R 0 = 0. This means that we pass to a coordinate system whose origin coincides with the center of inertia of the two bodies. Hence
where we introduced the reduced mass
We assume that R/ρ ≪ 1, and expand equation (16) into a Taylor series with respect to this small parameter. As a result we obtain
An analysis of formula (17) shows that the account for the velocities of the bodies increases the deection angle compared to the main, quasi-Einstein term.
A possible physical interpretation is that the movement of bodies attens the spacetime curvature, resulting in greater inuence of the mass on the propagation of light rays.
Formula (17) includes explicitly the factor equal to the Einstein term, which is of the order of two arcseconds. Given that
we can estimate the velocity-dependent term (17) to be of the order of 10 −3 to 10 −4 arcsec.
We now examine the second term in formula (9). We apply to it the coordinate transformations (12) to obtain
where µ is the reduced mass. Like in the previous case, we pass to relative coordinates. We substitute formula (14) into formula (18) to obtain
Like above, we set ⃗ R 0 = 0 and R/ρ ≪ 1. The formula for the deection angle nally acquires the form
It is seen that in the case of close masses, m 1 ≈ m 2 , this term tends to zero. Hence we can drop it in the following analysis.
We now write out the last term:
We assume, for simplicity, that vectors of the angular velocities of the bodies are perpendicular to the plane of motion, and pass to coordinates (12) to obtain
Like in the previous case, we pass to relative coordinates (⃗ r = ⃗ R 0 + ρ) to set
Under condition R/ρ ≪ 1 we obtain
We assume that the components in the double galaxy considered not only have almost equal masses (m 1 ≈ m 2 ), but that the same is true for other properties of the two bodies (such as moments of inertia and angular velocities). Hence the above term also tends to zero to within R/ρ ≪ 1.
Thus formula (17) is the main term that we will use for astronomical applications. Hence the relative velocity of galaxies in a double system can be estimated by the following formula:
provided that the deection angle is known.
We therefore let ∆θȧ′ = 0.001 ′′ . We now consider the close pair of galaxies NGC 4567 and NGC 4568 as a double system. We further assume that the masses of the two bodies are close to each other and equal to the mass of our Galaxy (m 1 ≈ m 2 ≈ 4.0 · 10 44 g). We set R ≈ 50 kpc and R/ρ ∼ 0.1 to obtainṘ/c ≈ 10
If the deection angle is equal to ∆θȧ′ = 0.0001 ′′ and other parameters have the values mentioned above we haveṘ/c ≈ 10
It appears from these calculations that formula (25) can be used to estimate the linear velocities in double galaxies. In fact, reducing the error of angular measurements in gravitational lensing observations down to several tenths of a milliarcsecond will make it possible to estimate the linear velocities to within several hundredths of the speed of light, and hence also to the compute angular velocities via formula (24).
Hence gravitational lensing can be viewed as an independent technique for measuring not only the masses of galaxies, but also their linear velocities.
ABERRATION EQUATION FOR HIGH-RESOLUTION DOUBLE GRAVITATIONAL LENS
The theory of aberration equation has been detailed in monograph (Bliokh & Minakov 1989 ). Here we use the notation adopted in this monograph: r is the projected distance between the image of the object and the observer along the principal optical axis, p is the sky-plane projected distance from the image to the principal optical axis, and θ is the angle between the principal optical axis and the line connecting the observer and the image of the object.
From elementary geometric considerations it follows that these parameters are related by the formula p = r · tan θ. However, the angle θ is small and therefore the above formula can be rewritten as p ≈ r · θ and used as the basic equation for the determination of the position of the images.
It follows from the process of light propagation in the gravitational eld of two rotating bodies and the physical meaning of impact parameter that ρ = p. We are only interested in the term given by formula (17) and therefore the aberration equation in our case acquires the form
After obvious algebraic transformations it reduces to the following cubic equation:
with the unique real solution
that describes the extra shift (in addition to that determined by the main term) of the image of the lensed object.
An analysis of the rst term in the right-hand side of formula (8) shows that it determines the base positions of the two images in accordance with Einstein's formula (Bliokh & Minakov 1989) . The physical meaning of formula (27) is that it describes the increase of the osets of the images.
Moreover, the product µ·Ṙ·R = M is the rst integral of the two-body problem (momentum) and therefore remains constant. Therefore the extra term of the shift of the image can be written as
We adopt the following parameters for the double galaxy considered (NGC 4567
and NGC For the gravitational lens considered we set the standard positions of images (lower and upper) at distances of ∆p ≈ 1.8·10 21 cm from the principal optical axis, which exceed the extra shift given by formula (28) only by one order of magnitude.
Hence such a shift should be, in principle, taken into account.
CONCLUSIONS
We proposed a new model of gravitational lens the high-resolution gravitational lens.
We point out that the phenomenon of gravitation lensing is a general relativity eect. That is why the propagation of light rays can be considered in gravitational elds that are more complex than the Schwarzschild eld. In particular, this can be the eld produced by a system of gravitating masses. In our analysis we adopt the metric of the gravitational eld produced by N nite-size moving and rotating bodies. This metric was rst derived by Brumberg (1972) within the framework of the Fock method assuming that all objects are solid bodies moving at velocities much smaller than the speed of light (ν/c ≪ 1).
We derived formula (17) for the deection angle due to the motion of the constituent bodies of the gravitational lens. When applied to the case of a double galaxy gravitational lens, it shows that accounting for the motion of galaxies decreases the shifts of the images of the lensed object.
Furthermore, formula (25) can be used to reconstruct more precisely the internal structure of a galaxy cluster gravitational lens by analyzing the measurements of the deection angles produced by it.
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